We report for the ®rst time the generation of short optical pulses with oxide-isolated stripe, V-grooved AlGaAs± GaAs quantum wire diode lasers. The shortest pulse width of 21 ps is currently achieved for a 350 mm long uncoated device by a streak camera, with electrical pulses of 350 ps wide and 15 V high. The spectral characteristics of the gain switched QWR laser are also presented. #
Introduction
Ultrashort optical pulse generation is of great importance for future optical communications and optical information processing. Various methods [1±3] have been attempted for this purpose in the past few decades, along with diversi®ed materials and novel device structures [4] . Compared to other techniques, it is well known that the gain switching method can give the most convenient and compact means to generate short optical pulses. Thus far, in the big picture, dierent ways of obtaining short light pulses have been employed for gain switching. First are optimizations of device parameters. That is, shortening the photon lifetime that can be obtained either by shortening the cavity length [5] or by applying antire¯ection coating, and/or the use of a device structure that can endure high-level current pumping, allow reducing the pulse light width [6] . Another way of achieving the short light pulse is the modi®cation of material parameters by use of quantum con®ned structures with a higher dierential gain. In practice, the shortest light pulse (<1.3 ps under optical pumping) by gain switching of the semiconductor lasers has been obtained with a multiple quantum well (MQW) structure [7] . Following this line of argument, ideally, zero-or one-dimensional structures such as quantum wire (QWR) or quantum dot (QD), which carry much higher dierential gains, are expected to be far more advantageous in the short optical pulse generation over the quantum well counterpart. However, in spite of the theoretical anticipation, little investigation was made on the ultra-fast dynamic characteristics of the low dimensional diode lasers. This is probably due to the technical diculties in producing crystallographically immaculate QWR or QD. Structural imperfections such as heterointerface roughness and¯uctuations in the size and shape of the wires (or dots) lead to inhomogeneous broadening eects in the energy spectrum, which can wash out Recently, we have fabricated almost perfect QWR crystals where the surface roughness was about one mono-layer, by usinḡ ow rate modulation epitaxy [8] , and thus, even made it possible to get the ®rst room temperature lasing from the ground states of the QWR laser [9] .
In this study, the ®rst demonstration of the gain switching characteristics of the QWR laser is presented. Light pulses as short as 21 ps in duration, full width at half maximum (FWHM), are currently obtained in terms of the conventional direct modulation technique, despite little optimizations in device parameters. The emission spectrum of the gain switched QWR laser is also compared with that obtained under continuous wave (cw) operation.
Experiment
In the experiment, an oxide-isolated stripe, vertically stacked, etched AlGaAs±GaAs triple QWR diode laser was fabricated by¯ow rate modulation epitaxy (FME). Three crescent-shaped GaAs quantum wires, where each QWR was 8 nm thick at the centre and 80 nm wide in total, were sandwiched by two 25 nm thick Al 0.2 Ga 0.8 As barriers and two 0.2 mm thick Al 0.2 Ga 0.8 As guiding layers. The cavity length used for gain switching was 350 mm. The lowest threshold currents obtained in this sample were 6 mA (pulsed) and 8 mA (cw). The oscillation wavelength under room temperature cw operation was 839 nm at threshold, but another spectrum due to band ®lling appeared either at 835 or at 830 nm, depending on driving conditions of the gain switching. More details of the laser characteristics will be found in [9] .
A simple measurement set-up is given in Fig. 1 with a schematic illustration of the QWR diode laser used for gain switching. In order to determine the temporal characteristics of the lasing emission a Hamamatsu C1587 streak camera is used under the streak scan frequency of 1 kHz. The camera has an S20 extended red photo-cathode with a radiant sensitivity of 5 mA/W at 840 nm and an experimentally determined timing jitter of 25 ps. The laser is mounted at the end of a 50 O Fig. 1 . Experimental set-up with a schematic illustration of the V-grooved QWR laser used for gain switching. micro-strip line and driven by a superimposition of the DC and electrical pulses by means of an insertion circuit, bias T, consisting of a capacitance and an inductance. Fig. 2 shows the time-resolved oscillation spectra of the QWR laser under (a) cw operation and (b) gain switching. Mode hopping from the lower subband energy-state (839 nm, corresponding to the ground state) to the higher state was found (830 nm, corresponding to the 2nd state) under cw operation (I = 1.2I th ) [9] . However, the emission spectra under gain switching comes up from the higher energy-state (831 nm) and then at the lower state (838 nm) with about 20 ps of time delay. It should be attributed to the shape and amplitude of the electrical pulse applied on the device during the gain switching. The input pulse is sharp and large enough to excite the higher subband energy-state at the peak position, but in a lapse of time it becomes broad and weak and thus stimulating the ground state only. Many longitudinal modes on the longer wavelength side in the gain switched QWR laser also support this argument. Although not shown here, it is also interesting to note that all spectral lines corresponding to each of the subband energy state of the QWR could be detected with a dierent amplitude of the electrical pulse while gain switching. Fig. 3 shows a typical streak camera output under gain switching of the 350 mm long QWR laser. The laser was DC biased at 2 mA, along with electrical pulses of 350 ps long and 15 V high. The output pulse shape has a tail structure and the shortest light pulse at this moment is 21 ps at FWHM. Without the optical tail, the light pulse width could be reduced to be as short as 15 ps. We contribute this optical tail to the spectral shift that has been discussed in Fig. 2 . The shift of lasing wavelength during the pulse generation decreases the ecient stimulated emission, resulting in longer pulse generation. This kind of the spectral shift has been pointed out as a cause of the optical pulse broadening in the MQW laser [10] . However, in the Vgrooved QWR laser, each of the emission peak occurring during the gain switching is separable as shown in Fig. 2b , unlike the MQW laser case, so further shortening is expected by cutting o or preventing the emission on the longer wavelength side. Another limiting factor in the short pulse generation in this device seems to be large electrical parasitics (R, L and C), as taking the fact that the shortest electrical pulse that could be applied on the device was limited at 350 ps into account. Insucient gain modulation of the QWR laser can give birth to the long optical tail. Although the shortest light pulse has not been yet generated in this experiment, substantial reduction is expected by means of the optical pumping, passive Q-switching and/or device optimizations.
Results and discussion

Conclusion
The gain switching characteristics of the V-grooved QWR diode lasers were demonstrated here for the ®rst time. The shortest light pulse of 21 ps in duration was obtained by a streak camera in this experiment, even with little device optimization, for a 350 mm long uncoated laser. The spectral shift during the gain switching and the electrical parasitics were pointed out as possible problems in this short pulse generation, so further research to compensate for these phenomena is required.
